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SUMMARY

An analysls of the effects of compresslblility on ths longi--
tudinal stability, control, and trim of airplanss flying at high
subsonic speeds and a discussion of the causss of and the means
for lessening cr preventing the diving tendsncy are prssented.
Wind—tunnel results for Mach numbsrs up to 0.90 sre includsd for
purposes of illuatration and cover several investlgations of
longitudinal stability ani control, airfoil charascteristics, dive—
recovery aids, and elevator characteristics. Methods sre indi-
cated for compensating for the undesirable control tendencies -~
resulting from the characteristics of the wing at supercritical
speseds by the appropriate cholice of elevator contour.

INTRODUCTION

The marked increase in the speed of alrplanss during the
past few yoars has introduced many new problems concerning
longitudingl stability and control. DPerhaps ths most significant
problems have been those relative to dive recovery becauss the
highest speeds have been resached in dives. The adverse effects
of compressibility on the alr flow over ths lifting surfaces of
the airplane were first evidenced when the diving spesd
gufficiently excesded the critical speed of the airplane wing
(the speed at which local scnic velocity first occurs on the
wing). In many instances, airplanss developed strong diving
tendencies end the pilots experienced great dAifficulty in
effecting recovery from dives. Because of the hazardous nature
of the problem, extensive high-speed wind-tunnsl investigations
wors conducted, which resulted in the development of corrective

RESPRIND -
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devices end the establishment of high—speed deslgn criteria.

A discussion of esome of the problems of longltudinal stability
and control arising in high-spsed flight appears in reference 1.
Several investlgntlons conducted since the publication of refer—
ence 1 have added considerable new inrormation. The present report
summarizes the current kmowledge of high—speed longlitudinal stabllity
and control for the range of subsonic Mach numbers thus far covered
by wind—tunnel investigations. The remarks and design crilteria
included in this report should [ind use in the deslgn of high-
speed airplanes or for correcting the diving tendency of exisbing
airplenes. It should be noted, however, that at Mach numbers
above the limits of the tests summrized in this report addltional
drastic changes In stability and control may be encountered.

This discussion is divided into flve main sections. The first
section summarizes the causes and prevention of the diving
tendency. The second section contains explanations of the effects
of compresslbility on longitudinal stability and trim. The third
gection contains a discussion of airfoil characteristics., The
fourth section vefers to three high-gpeed wind--tumnel Iinvestige—
tlone of verious methods for lmproving diving cheracteristics of
alrplanes. The Tifth section contains a discussion of the )
influence of slevator contour on longltudinal stability end control.

The wind—tunnel results included in this rerort are from tests
conducted in the Ames 16-foot and 1— by 3%—foot high-speed wind
tunnels and have been corrected for tare, tunnel-wall, and
constriction effects. For all calculations, unless otherwise
noted, the center of gravity 1s assumed to be at the guarter-chord
roint of the mean aesrodynsmic chord.

SYMBOLS

The symbols uzed in thls report are defined as followa:

- N
Cr, 1ift coefficient (it
\ @8
/e
Cp drag coefficient i;£§ﬁ>
Q

Cp  pltching-moment coefficient about the gquarter-chord point of
/pltching moment>

the M.A.C. |
'\ q.s CW
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wing plitching-moment coefficient at zero 11ft

elevator hinge-moment coefficientf/EEEEQ-EQE§E§>
¢ be cg2

free—stream dynamlc pressure (%sz), pounds per squore foot
free—-strean mass density, slugs per cubic foot

free—gtream velocity, feet per second

surface area, square feet

mean serodynomic chord, feet

local chord, feet

angle of attack, degrees

elevator angle, degrees

elevator spen, feet

mean square chord of elevator aft of the hinge line, square
feet

deflectlion of movable surface, dsgrees
load factor
free—gtream Mach number

critical Mach number

v ie
lift-curve slops
two—-dimensional lifﬁ—curve slope for incompresslible flow
downwosh angle ot tall plane, degrees
distance between the quarter—chord polnts of the mean nero-

dyncmic chords of the wing and of the horizontal tall
plane, feet
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A agpect ratioc (b2/s)

b span, feel =
Subacripts

W wing

t horlzontal tall

£ flap

e elevator

THE CAUSE AND PREVENTION OF THE DIVING TENDENCY

The primary cause of the high—speed diving tendency is the
reduction in 1ift of the wing at supercritical Mach numbers. The
logss In 1lift causes a reduction in wing lift—curve slope and 1s
generally acconmpanied by an increase in the zero-lift angle, both
of which lead to stability and trim changes and to an objectionable
increase In the angle of atback of the horizontal tail. The
longitudinal control may be aggraveted further by the character—
istics of the horlzontal tail and elevators.

The ideal way of obtaining good high-speed dive-recovery
characteristics for an airnlane would be to provide a wing end
horizontal tall with critical Mach mmbers high enough so that
the Mach number of 1ift divergence would exceed the maximum
Mach number exvected in dives. In cases where the Mach number of
1ift divergence of the wing must be exceeded in flight, the diving
tendency may often be controlled or prevented by the proper cholce
of airfoll sections and airplane configuration. The main design
factors affecting the criticael Mach number of the airplane and the
diving tendency are the spanwise variations of the thickness—to—
chord ratio, camber, ailrfoll sectlon, taper, and sweep of the wing
and horizontal tail.

For existing alrplanes where changes 1n the foregoing items
are not feasible or are insufficlient to achleve satisfactory
control, changes 1n elevator contour or an auxillary device, such
as a dlve brake, dive—recovery flap, or stabllizer flap may be
employed, or the stabilizer may be made movable.

Detalled explanations of the effects of compressibllity and
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of configuretion changee on the longlitudinal stability and control
are presented in the follewing sections.

EFFECTS OF COMPRESSIBILITY ON LONGITUDINAL
STABILITY AND TRIM

Longitudinal Stebility

A necessary condition for an alrplane to possess static
longitudinal stability is that the pitching-moment coefficlent
decreases with iIncreasing 1ift coefficient. If the pltching—
monment components of only the wing and horizontal tail are
considered, neglecting the contribution of the tail plane to
the total airplane 1ift, the static longitudinal stability may
be expressed as

N O C CONCC I

where the pitching moments are measured sbout the respecilve
guarter—chord points.

In gensral, as polnted out in reference 1, the changes in the

aCm,, dCm,

and of the tall ——
T acy,

due to compressibility are relatively smell compared to the changes
in the stebillsty of the complete alrplane,

longlitudinal stability of the wing

The predominant effect of compressibility on the statlc
longltudinal gtability of the sirplane is its effect on the
stabilizing contribution of the tall plane, expressed by the
third term of equation (1). Below the Mach numbers of 1ift
divergence of the wing and tail plane, the ragio of the lift—curve
slope of the tall plane to that of the wing 'é;{;' remains

approximately comstant, Abovs the Mach number of 1ift d.ivergegce
of the wing but below that of the horizontal tall, the ratio a—w‘e
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increases because the wing lift—curve slope 1s meterially decreased.
The reduction in a, and the accampanylng reduction in g:—-g produce

e serious Increase 1n the static longitudinal stability. In cases
vhere the critical Mach number 1s lower for the inbcard portion of
the wing than for the outboard powtions, the loss of 1ift over the
Inboard portion results in a greater reductlion of the downwash on
the tail plane and a further increase in the longitudinal
stabllity.

In the usual coase, where the Mach number of 1lift dlvergence
of the tail is higher than that of the wing, & decrsase in the
static longitudinal stability would be expected upon exceeding
the 1ift divergence Mach mumber of the tail. Furthermore, the
logs in elevator effectivensas sbove thils Mach number would lead
to control difficulties. '

Longltudinal Trim
The changes in longltudinal trim due to compressibility
effects may be eanalyzsd by considering the piitching-mcment

coefficient of en airplene under the same sssumptions as those
used for esteblishing equation (1):

Cp = Cp due to wing + Cp due to tall

=cmo+CL(:'Ccz"" +o&t(-}%c?i)

but

% = agp=0 + Cr (g'c'mf)— R @igf)— CL<%£>
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thecreforo

Cp = C +CL(EGE-—> acL-o+GL< ) GL( C‘x) Qcm (@)

No important trim change 18 to be expected in the subcriticsal
range of Mach numbsrs, but above the Mach number of 1lift divergence
of the wing, unfavoreble trlm changes occur whlich increase the angle
of attack of the tall and lead to a diving tendency. The principal
causes of the adverse changes in trim at Mach numbers above that for
1ift divergence for gll alrplanes are the reduction in lift-curve
slope and outboard shifts in the span loading of the wing. Ixisting
data indicate little change in the other factors entering equation (2)
for eirplanes wlth wings having symmetrical or conventional alrfoil
sections., However, for airplenes having wings with NACA 6—series
airfoil sections, a significant incrsase in the angle of attack for
zero 1ift occurs ebove the Mach number of 1lift divergence when camber
and thickness—to—chord ratios greater than 12 percent ars used.
Accompanying the Increased zero—lift engle for such alrfocils, there
is a favorable Increase 1n the winz pitching moment which partislly
balances the advirse effect of the Incressed zero lift angle.
Secondary trim changes may be caused by fuselsges, nacelles, or
povwer—-plant installations, depending on the configuration of the
airplens.

ATRFOIL CHARACTERISTICS

Tho preceding discussions have stressed that the wing should
have a critical Mach number high enough that the Mach number of
1lift divergence approaches as closely as possible or exceeds the
maximum Mech numbsr expected in fllight. The most effective means
for accomplishing this are the use of sweep, low aspect ratlio, or
low thicknsesa-—to—chord ratio in conjunctlon with high-speed alrfoil
sections, High-speed wind~tunnel results sultable for comperative
purposes are presented in figure 1 to show the effect of thickneoss
on the drag coefficlent, angle of attack for zeoro lift, lift—curve
slope, and pitching-moment coefficient of NACA 6-serics airfoils.
Thrao—dimensional data are presented for 8-, 10—, and l2-porcent—
thick NACA 65-series airfoils. while two dimensional data are
given for 5-, 8-, 10—, and 12-percent—thick NACA 64—, 65—, and
65-gerics ailrfoils.

The data in Tigure 1 indicate that reducing the thickness
greatly decrcases tho drag cooffTiciont at high Mach numbors;
increasos the Mech nmumber of drag divergence; roduces the shift
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in the zoro-lift engle; increases tho Mach numbor of lift
dlvorgonco; incroases tho lift—curve slope at high Mech numbors;
and docrcaescs the wing pitching-momont coefficiont at high Mach
nubors.

Flguro 2 prosonts a summary of the offects of compreossibility
on the 1lift charactoristice of soveral modsls of wings and airplancs.
Abovo tho Mach numbers of 1lift divergonco, the 1ift coofficicnts at
constant angles of attack for the camborod wings tend to convorge
at nogativo valuos. In order to sustaln lovol flight at very high
Mach numbers, the roquirod positive 1ift, 1f obtainablo, requiros
incroasingly larger angles of attack, which in turn tonds to
dovelop en incrcoasingly povorful diving tendency. Symmetrical
eirfoils tend to converge at zeoro lift above tho Mach number of
1ift divergence. Tho use of swoop appears to bo tho most promising
mothod for retaining 1ift somowhat farthor into the transonic speccd
rexigo, and hag the adventago of significant roductians in drag at
high Mach numbers. Longitudinel and .lateral stebility difficultios
mey ariso with swept wings, however, as a result of changecs in
gpanvise lcoad distribution occurring at high Mach numbers,

Somo favorable reosults have boen obtained by the ureo of
negetivoly doflesctod, trailing—cdge flaps for roducing the
variation of lift cocfficient with Mach numbor for unswopt wings.
Two—dimoensional and threc—dimensional wind-—tummecl rosults for
nogative flap deflections on the NACA 65-210 airfcell aro shown in
figurc 3. Above the Mach number of 1ift dlvorgencc, the leoss in
flap offoctivonoss (negative) tends to balance the loss in wing
1ift. Bocausce the 1lift does not drop of f so abruptly as in tho
case of theo basic wing, thore roesults a somowhat smallcor variation
with Mach number of the angle of attack roqulrsd to maintaln a
constant 1ift coofficiont. Tho pltching-moment coofiicicnts
appear to convorge toward those for the basic alrfoil at the
highest Mach numbors.

The usc of nogatively deflected flaps, however, involves somo
limitations. For oach flap sotting thero lsg a rclativoly small
range of 1ift cooefficlente whore tho varlation of 1ift wlth Mach
number is approclably reducod. Also, increcasingly lergcr deflsctlons
or largor fleps would probably be requircd for higher 1ift cocf-
ficlont, Further, as shcown In flgurc 3 at Mach numbers woll above
tho Mach number of 1ift divergonce, tho flaps lose tholr effuctive~
ness due to tho separatlon on the lower surface of tho flaps. Aftor
the flaps beceome Inelfoctive, the 1ift mey possibly diminish with
furthor increcase in Mach number in the sams monner as that for the
baslc wing at or ncar the same angle of attack.
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Nogatively cambored alrfoils hevo not boon uscd in high-spced
flight, but the rosults in figurc 2 indlcate that there would be =
convergenco at small positivo 1ift coofficionts If the wings wore
morely Inverted. The maximum 1lift cooefficiocnt for such a wing,
hoveover, would be apprecinbly less than that for the wing in its
normally upright ettltudo.

TYPICAL HIGH~SFEED WIND-TUNNEL INVESTIGATIONS

Throo high-spcod wind—tunnel inveatigations of asirplanc modcls
oxhibiting the diving tendoncy to varying degress will now bo
nrescnted,

Cage 1

Onc of tho first high-epecod alrplence to encountor compressi-
bility offocts in £light developed o strong diving tondoncy which
often could not be overcomo by tho pilot until considorable
altitudec had boon lost. High-speed wind—tunnel tests of a modol
of this airplanc, which arec roporited ir roferonces 2 and 3, showed
that the inboerd portion of the wing betwcon the twin booms hed a
relatlvely low critical Mach numbor which was being exccoded con—
sidcyably in dives at high altitude. At the supercritical speeds
investigated there was little chango in tho angls of attack for
zero lift, but there was e significant reduction in lift-curve
slope accompanying tho loss in 118t of tho centor scction of the
wing and o shift of load to the outhoard portions of the wing.

The reduced lift—curve slope, the shift in span loading and the
reduced downwash on the tell groatly Increased the static longi--
tudinal stebillty, resulting in a strong diving tendoncy.

Fizure Ut presente the variation of the pitching-moment coofflcient
with Mach number. The large decreasc In the pitching-moment
coefficient starting botwoen 0.6 and 0.7 Mach numbers cleoarly
1llustretes the diving tendency of the stendard model.

In order bto develop curss for the diving tendency, sevoral
changes wore made to the model es indiceted in figuro 4. Removel
of tho fuscelege materially increasod ths Mach number at which the
pitching-moment coefficient diverged. Tho large dotrimentel effect
of the standard fuselasge In reducing tho critical Mach number of
the wing may be atiributed to the closs proximity of the region of
lowost pressure over the canopy to that over thoe upper surfaceo of
the wing and to tho rapld convergencc of the aft portlion of the
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fuselage, which was conduclve to sopcration. Theo installetion of
the reviged fusolage romudied thosc btwoe conditions and motorially
incrossod the Mach number at which ths diving tendency developod.
In terms of egquation (2), the improvement wes duo to tho dolaying

&
of the divorgence in tho lift-curve elope EgE and the downwosh

on the tail %%E to a highor Mach nuribor than thet for the
original conflguration.

Other changos to the wing inboard of the booms included the
goparatc additions of a wing bump and of a wing zlove which
extended tho wing chord. The purpose of the wing bump was to
rostore 1ift to tho inboard section of tho wing, The wing glovo
was intendod to increaso the critical spood of the ceontor portlon
of tho wing by decreasing the thilckness—to—chord ratio and theo
Incidence. Nelther altoration woe satisfactory becausc of the
powerful adverse effect of the standard fuselasge. although cach
hed some favorable offect.

Chenges to the wing outboard of the booms included drooping
the ailerons 15° and the addition of dilve—rocovery flops. Theo
drooped ailerons improved the pitching-momont cherectoristics and
relsed the Mach number at which tho diving tendoncy dovelopod
bocause the large cembor cexisting over tha outbonrd portion of tho
wing relieved the 1lift on tho conter wing penel and roduced the
angle of attack for zcro 1lift by almost 39, The result wns that
tho tall anglec of attack was consldcradbly reducod. Such a con—
Tiguration was not applicable to the airpleno, however, for seveoral
reasons. anong them belng that tho drag was doubled. Tho outboard
dive—racovery flaps produced a favorablc shift In trim by docrocs—
ing the engle of attack for zero lift and incroasing the downwash
on tho tall, but did not alter ths Mach numbar at vhilch thc diving
tondency developsd. Theo increese in trim 1ift coefficiont duweo to
tho changes 1n pregsurc distrlbution produced by the flaps arc
explainecd in roforence Ut which presonts a summery of dive—recovory
flap installations on several models includling thosc discusscd In
this report.

Case 2

Anothor wind-tunnel investigetion involved a model of
configuration somewhat similar to the model Just discusscd, oxcoept
that 1t hed two fuseleges iInstead of two hooms and had no contral
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fusclage, as shown in figure 5. Tho wind—~bunnel tests wore con-
ducted to correct tho diving tendency and buffoting which
doveloped in flight above 0.70 Mach nurber.

High-spoed wind—tunnol tests of the model with wool tufts
glued to the surfaces rovealed extenslve soporatlon from tho conter
soction of the wing and from the fuselages. Prossurc deta disclosed
that the slope of the sectlon normal—force curve was considerably
highor for the inboard portion of the wing then for theo ocutboard
portion at high subcritical Msch nuribers becouse the cnd-plate
offect of the fuselages effectively increesod the aspoct rotio over
the center section of the wing. The correspondingly roduced
pressures over this portion of tho wing approcicbly lowered the
local critical Mach nwiber. In addition to theso Influcnces on
tho spanwise vesriatlion of critical Mosh number, outboerd of the
fuselages thero was 2° washout and z rcduction in thickness—to—
chord ratio from 15 porcent ot the fuselage to 12 percent at tho
tip.

The effect of sdding dive—reccovory flaps was to incremse the
trim 1ift coefficlent; but, as in cass 1, no chenge in the Mach
number at which the diving tendency developed or in the stick—fixed
stabllity was produced. Revisions to the cooling ducts under the
fuselages and to the lower surface fuselage—wing fillcte reduccd
the gseparation from the fuselages. ReTlexing the ef't portion of
the wing between the fuselageos offcctively decreocsed the 1ift of
the centor section snd approciably increased tho HMach number at
which separatlion developed. The diving tendency wes climineted at
low 1lift coefficients up to the limits of the test (0.80 Mach
nurber), as indiceted by the variation of pitching—rnoment coef—
ficient with Mach number. The drag of the airpleane at high speed
was 8lightly reduced by tho reduced scparation. Subsoguent flight
tegts of s rovised alrplans substantiated the wind—tunnel results
and revealed that the buffeting end diving tendency had beon
elininated.

The aerodynemic reasons for the improvemont méy be oxplained
by.referring to equation (2), term by term.

The modificatlon to the wing increased the wing pitching-—
moment coefficient at zero 1ift Cp, below 0.77 Mach number, but

docreased it above this Mech number, rclative to the values for
the original confilguration.
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The effoect of the wing modificetion on the wing stohility

&

EEE~ was vory snell excoept for o slight decreaso gbove 0.75 Mcch

number at low 1ift coefficlients.
Tho anglo of attack for zero lift ag . g Wwoe Incroasod by

the model revisions, but the variation of tho zero 1lift angle
throughout the M=ach numbor range of the tests was approciably
roduced, thereby reducing tho trim changes characiteristic of tho
original configuration. The more constant zoro-lift engle mey bo
attributed to tho reflexed portion of tho inboard wing section,
which produced offocts similar to those of s negativoly deflected
Y5-percent—chord flap. At the highor Mach nuwbors, tho reduction
of negative 1ift accompenying tho lose in 1ift cffoctivenesa of tho
roflexed trailing odgo balanced the loss in positive 117t of tho
wing.

The offect of the revisione on the wing lift-curve slope, the
reciprocal of which appears in equation (2), wre nogligible. Tho
rate of chango of downwash at the tail wilth changing 1ift

coofficlent %gL- waa affected Pavorably by the revislons to tho
T

model. Bocause bf tho roduction In offectlvonoss of the rcfloxed
trailing edgo at high Mach nurbers, thore wos en Inboard shift of
tho loading on the wing, Incroasing tho downwash nngle at tho tail.

In sumation of the offects, it apmpcars that the improveonent
in tho longitudinal stability and trim azy be atiributed in the
most pert to the roflexod tralling edgo which rolievod the 1ift on
the Inbozrd wing, increesed the critical Mach number, dolayed
soparation, and maintained a norc noarly constant zoro—lift anglo
for the model.

Casc 3

The results of anothor wind-tunneol Investigation oro swmio-—
rizod in figure 6. The wing of tho model was of rathor unusual
shapo bocause of tho location of the Jot engines In its roots.
The wing soctlion at thoe center line of the Jots closcly rosomblod
tho NACA 66(218)-£220 scction with a losding-cdgo eir inlct. Tho
line of maximum thickness was swepb back over tho thickenod root
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portion of the wing, reaching a maximum sweep angle of about 600
at the side of the fuselago.

The wind—tunnel rosults showed a large incroese in the angle
of attack for zoro 1ift and a material reduction in the lift—curve
slopoe, with Incressing Mach nunbor both of which usually lead to =&
diving tendency as outlined in the discussion of equations (1) and
(2). The variation of pitching-momont coefficlent with Mach number
for the complete mcdel, however, revesicd only a slight diving
tendency end Indicated no difflculty in recovering from dives up
to 0.80 Mach number. The pitching moments for the model with the
tall removed increassd markedly above 0.70 Mach number. This
sizeable increase in wing pitching moment, donoted as COpy in
equation (2), was dub to a forward movement of the centor of prossure
caused by soparation over the uppcr surfacc nsar the trallinz edgoe
and wes large enough to balance the diving moment from the tail, s¢
that in spite of the large incroass in the angle of attack for cero
11ft and the reductlon in wing lift—curve slope thero was no strong
diving tendency.

Chordwisc pressure data for sevoral stations along the span of
the wing showed that the chenges in the angle of attack for zero
1ift and the pitching moment occurred st all wing stations. The
game chenges have beon observed in prossure data from other high-—
spoed wind—tunnel investigationa of thivk, camborcd, NACA 66-sorios
elrfoila. Further, a significant docrooso in wing stability at
the lower 1ift coefficicnts, as ovident from the specing of the
pitching-moment curves in figure 6, helzod %o provent e largoe
increaso in the static lcagitudingl stability of the complete modsel
when the Mech number of 1ift divergence was exceoded. The pressure
data Indicate that thers was en inboard shift in the spenwise load—
ing at higher Mach numbers., Tufts and prossure data roveoaled that
the flow oveor theé inboard pert of the wing was very good in spite
of the large thickness—to—chord ratic. Closing thse ducis produced
no apprecisble change. Tho spanwise variation of critical Mach
number computed from the pressursc data is shown in fizure 6. The
relatively high critical Mach nuriber of the inboard porilon of tho
wing may be attributcd to the threoe—dimensionsl eoffects produced
by tho marked change in thickness, taper, end awesp of this part
of the wing. Ths critlical Mach nuibors based on tho pozk negativeo
prossurss over the duct lips ars indicated by tho dashed linos in
the figurs. Actually, no approciable shock or sopzration
doveloped as a result of thesc locel pressurce pecks becausc of the
atrong favorable preossure gradlent extonding back to tho midchord.
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EFFECT OF ELEVATOR CONTOUR ON LONGITUDINAL
CONTROL AND STABILITY

The effect of elevator contour on the hinge-momesnt cosffi-
cients and longltudinal-control characteristics of two models is
sumarized in figures 7 and 8. The results in figure 7 ware
obtained with the model shown in figurs 6; whereas those in
figure 8 were taken from the tests of a model of a conventional
lowwing, single-fuselage, Army pursuit airplane reportsd in
reforence 5.

Because of the large number of factors involved, prediction
of elevator characteristice at high spesed 1s offten more difflcult
than the prediction of the characteristice of a wing. Experlimsntal
data have been the best guide and same of the mors goneral rssults
are prosented in the present report.

The effect of compraseiblility on the bevelsd tralling-edge
balance is clearly shown in figure T(a). The hinge—moment cooffi—
clente for the elevator having both the overhsng-nose balance and
the beveled trailing cdge indicate a high degree of balance at
0.397 Mach number and a significant increase in hings-moment coeffl-
clent with increasing angls of attack. At ths higher Mach numbers
the combined effectiveness of the two asrodynamic balances becomus
excessive, and the slevatora becoms unstable with respect to the
variation of hkinge—moment coefficient with elevator deflectlon.
Removal of the bevels greatly reduccd the aerodynamic balance and
elimineted the instability at higher Mach numbers. Tho bevel

causes a plight reduction in slevator effectivoness %€§ . The
o

marked increase in balance sffuctlvensss at higher Mach numboers
rendere the bavel not generally suitable for high-speced uss. Tho
balence effectivensss of the ovorhang increases with Mach numboer
but not as much as that for the bevel. The effectivensss of tho
secaled, inteornzl ncse balance varies with the arca of the ovurhang,
and is affected only slightly by compressiblliity. The horizontel
tail on which the sealed, internally balanced clevator was tested
had the NACA 652—015 gection with & slightly increased span and an

incidence of 0°, while the two blunt-nose elevators werec tostod
on & horizontal tail having NACA 0012 and 000% sections,
respectively, at the root and tip, and an incidence of 1°.

Both horizontal tails were set at O° incidence. Becausc of the
large thicknese—to-chord ratioc of the tail having the sealed,
internglly belanced elevators, the critical Mach number was bolow
0.75. At 0.80 Mach number, the balance effectivencss was reduced



NACA RM No. ATC2L 15

due to separation ceused by a shock wave forward of the vent alots
to the ssal chanmber.

The longitudinal.control characteristics of the model with
each of the three elevators are shown in figures T(b) throush 7(f).
The elevator hlnge—moment coefficients for balance, shown in
figure 7(b), are those corresponding to zero pitching moment and
represent the conditions encountered in flight. An unsteble
variation of elevator hinge-moment coefficient for balance wilth
elevator deflection generally results in an unstable varlaticn of
stick force with elevator angle and with normsl acceleration. The
overbglancing effect of the bevels is clearly evident. The baiance
curves for the model having the flat—sided elevator remain relatlve-—
1y steep because of the large veriation of hinge-moment cocefflcient
with angle of attack. The balance curves for the sealed, internally
balanced elevator display little change in slope throughout ths Mach
numbsr rangs. This is desirable for the mainternance of a constant
stick—force gradlent in accelerated flight throughout the Mach number
rangs. :

The variations of elevatcr effectivensess with Mach number for
the three elevators are shown in figure 7(c). Thse reduction in
effectiveness above 0.75 Mach nurber for the sesslsd, internally
belanced elevator indicates the desirsbility of reducing the
‘thickness—to—chord ratio belcw 15 percent.

The variation of neutral-—point location with Mach number for the
model with each of the threc elovators is presented in Tigure 7(d).
The destabilizing effect of the bevels on the elevetor ressulits in
a large forward movemont of tho stick—free neutral point at the
higher Mach numbers. The stick—frec neutral points for the model
with the flat-sided elevators end with the seeled, Intermally
balanced elsvetors move aft at the highser Mach numbers due to the
variation in hinge—noment cocfficient with angle of atiack. Above
the critical Mach mumbor of tho tail having ths sealsd, internslly
balanced elevator, e Torvard movomont of the stick—frce neutrsl
point accampanies the reduction in elevetor effoctivenoss. The
stick-fixed neutral point changes only slightly with changes In the
elevator contour.

Figures T(e) and T(f) prescnt tho elevator defloctions and
stick forces caleculated from the wind—tunncl results for the airplanc
at an altitude of 10,000 feot with a wing losding of £7.8 pcunds per
square foot. A mild diving tondoncy is indicetsd by Tigures 6 and
7(s) for the model in tho stick-fixed condition. Thore is little
differsnce in the varistion of elevator angle with Mach numbor betwesn
the three ceses, but there arc largs differences in the stick forces.
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With the beveled eleovators, tho stick—forco gradilicnt bosomos com—
plotely reversed at the highor Mach numbore. Above 0.75 Mach mumber,
increesingly larger pull is required to melntain icvel flight.
Removing the bevels climinated theo reversed stick—force grcdicnt,
but 414 not sliminate the unstable variation of stick force with
speed above Q.75 Mach number. For tho model with tho rovised hori-—
zontal tall incorporating tho sealod, interrally balancod olevators
increasingly fargor push 1s requircd sbove 0.75 Mach nuwrbor. Thus,
if the airplane were trimmed in level flight above 0.75 Mach numbor,
any incresse in spced would be accompanied by a climbing tendency.

The hinge-moment characteristics of throo round-nose elevators
are prosented in figure 8(a). The bulged cvlevator was testod om &
horizontal tail having the NACA 65-010 silrfoil section, while tho
flat-sidoed and partlally bulged elovators wurse tostod on a hovi-
zontal tall having an airfoll section approximeting the NACA 0010
elrfoil soction. Bulzing the contour aft of the hingc linc provides
serodynamic balancoe by moving the minimum pressurc aft on the upper
surface of the upwerdly doflocted elovator and forward on the lower
surface. Noar the trailing odgo the pressure on the upper. surfaco
of tho bulgod olovator is less than that st 2 corregponding location
on tho lower surface for up—elevetor scttinges less than about 5°, .
In 2dditlon to reducing the hinge moments, tho bulge csuses tho
kinge—moment coefficicnts to incroase with anglec of attack and
appreclably reduces tho elevator offectiveness, as shown In .
figure 8(c). Wigure 8(3) indicatos that the siick—fixod noutral
point was affosted littlo by chenge in olovator contour. The stick--
free noutrel point moved consideraebly aft for the model with tho
bulged elevators but changed very little fram tho stlick—flxed
location for ths model wilth cither the flat-slded or partinlly
bulged oleveitcrs. A comperison of the stick-{force charsctoristics,
showm in figurs 8(f), roveals that the model heving the bulged
cluvators pogsoesses a morc favorable stick-force gradlent and retalns
8 gtable variation of stick force with spsed to a highor Mach numbor
than when oguipped with the flat-eided or pertially bulged clovatoras,
The reducod stick—Torce gradlent is duc to the balencing action cf
the bulgo in reducing the hinge-momsnt coci'flelents. The incroosed
push requircd at high speed may be attributed *o the lergoe docrease
in balance hinge-momont cocfficient with Incroasing Mach numbor,
evident in tho hingc-moment curve of figurce 3(b).

The rosulte shown in figures 7 cnd S sorve to omphosizo tho
importence of tho elevator design in dobermining thoe high-spood .
dive~recovery charectoristics of an nirplanc, Thce diving tondoncy
oxhlbited by an airplanc in the stick—fixed condition mny bo
controllod te a considersblo oxtont in tho stick-froo conditlon .
through the characteristics of tho olovator. As was pointed cut
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in the discussion of equations (1) and (2), the diving tondency is
caused primarily by the lncrcase in tho engle of attack of the tall
accompanying the increase in the zero 1ift angle, chanzos In span
loading, and a reduction in tho lift-curve slope of the wing. If
tho slevator hinge—moment coofficlemnt or the elevator fleocating
angle decreases wlth Increasing Mach numbor and incroasing tail
angle of attack, an inherent pull-out tendency mey be cbualued.
Thus, tho effecie of deficlencies in tho cherscteristics of the
wing of an airplane on the high-epeed control may be lessenecd by
tho proper selection of elavator.

Somoe additionsl ltems relative to the design of the horizontal
tall should be mentioned. The use of spollicrs an tho staebllizer to
change tho floating angle of tho oclevator is discussced in rcfercnce 6.
Such a device serves as an effective dive—rccovery aid, but is not
suitable as & btrimming device because of 1ts abrupt actlon. Fabric
covering lg generally not suitables for control surfaces to be used
in high-spoed f£light, bacause the deflection of the fabrilc has a
conglderable effect on the hingo-moment characteristica. Powor—
boost and spring-tab systems are useful for rocducing stick forces
at high speed and reduce or sliminate the need for aserodyznamic
balasnce on the elevator. A controllable stsbilizer has mony
possibilitios as a triming device and dive-xrescovery ald, but it
involves structural probloms, espscially for lerger alrplanes,
Ancther possibillity is the all-moveblsz tell replascing tho stobilizer--
elevator combination. Boesldes the structural and flutter problems
associated with such a tail, the hinge—monsnt characteristlcs would
offor a control problem unless the slevators werc powor driven.
Thore is an ungtable variation of hingo-moment coofficient with taill
defleoction over & limltod deflectlion rangs for an ell-movable tall
of low aspect ratio similar to the unstable varlation of pitching—
moment coefficient with 1lift coefficlcent charactoristic of low—
aspect-ratic wings operating at small angles of aticck., The insta—
bility 1s produced by the rapld forwerd movement of thoe center of
pressure as the angle 1s incressod and is discussed in roforance T.

During dives, thers may be rapid changes in the Mach numbor
duo to the reduction in sltitude and variations in the speed of
the asirplane. Conseguently, all longltudlingl control and trinm
dovices should be within immedliate control of the plliot In order
that oxcesslive accelerations do not accompany changes in the sir—
plane 8tabllity and trim snd in the effectivoness of the contrcl
surfaces or trim devices. Finally, duc consideration rmst bo
glven to the effects of the deformotion cf tho ontire alrplanc
structure in sll stebllity end control investigatlioms.
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CONCLUSIONS

Results of seversl high—specd wind-tunnel investigations
indicate the following to be conducive to favorable high—speed
dive—recovery chaeracteristics:

l. Because loss in 1lift at supercritical spoed is tho
primary cause of the diving tendency, the Mzch numbers of lift
divergence of the wing and tail should approachk as nrarly as
possible or exceed the msximum Mach number sxpected in £light.
High Mach numbers of lift dlvergence may be obtained through the
careful choice of airfoll sectlons and the use of roduced thick-—
ness ratlios, low-aspect ratlios, or sweep.

2. In establishing the spanwise variatlion of critical Mach
number, and the span load distribution, conslderstion must be
gliven to the interference and end-plate effocts of nacelles,
fuselages, or booms on the section lift-curve slope.

3. In order to insure a constant stick-force gradient there
should be a minimum varietion in ths balance effsctivencsa of tho
elevators over the operating rangs of Mach numbers.

b, 1In cases of oxisting ailrplancs or those where modifi-
cations to the wing are not fiasible and where tho Mach number
of 1ift divergence must be exceeded in flight, control difficulties
can generally be lessensd or preventcd by ths proper choice of
elovators. Imn such cases, the elovator hingo-moment charactor—
istics may be obtained such that favoreble control tendsncies
rogult from tho effects of the chengus in the zero-lift angle and
the span load distribution of the wing.

Amos Aeronautlceal Laboratory,
National Advisory Committee for Aeronautics,
Moffett Fleld, Calif.
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